ABSTRACT. In this study, two antioxidative substances, a homogeneous polysaccharide [abalone shell polysaccharide (ASP-1), corresponding to the first peak by size exclusion chromatography] and a non-polysaccharide compound [abalone shell compound (ACS-2), corresponding to the second peak by size exclusion chromatography], were extracted from the abalone (Haliotis discus hannai Ino) shell. We primarily focused on the investigation of ASP-1. As a heteropolysaccharide, ASP-1 is comprised of 9.3% uronic acid and 86.4% saccharide, the latter including mannose, ribose, rhamnose, glucose, galactose, arabinose, and two unknown monosaccharides, NO1 and NO2, with a mass ratio of 9.5:10.1:2.2:18.2:21.8:5.5:16.5:16.2. The antioxidant activity assays indicated that 5.0 mg/mL ASP-1 has significant scavenging effects on superoxide radicals (86.2%) compared to the positive control of ascorbic acid (95.6%).
INTRODUCTION
Antioxidants are widely used in food preservation and healthcare practices, as they are capable of eliminating reactive oxygen species (ROS), counteracting the damaging effects of oxidation, and prolonging the preservation time of foods. However, several reports have shown that traditional antioxidants, such as beta carotene, vitamin A, and vitamin E, may be detrimental to human health (Bjelakovic et al., 2007) . Recently, considerable interest has arisen for the development of antioxidants from natural sources, such as marine flora and fauna, bacteria, fungi, and higher plants (Chattopadhyay et al., 2010) .
The Pacific abalone, Haliotis discus hannai Ino, which is mainly distributed in East Asia (Marchant et al., 2009) , is the most commercially important species of gastropods in aquaculture (Chen et al., 2005) . Large amounts of abalone shell are discarded as waste during the processing of abalone. Since China is the largest abalone producer in the world, exploitation of deserted abalone shells can reduce the burden on the environment and generate added value.
In China, abalone shells are traditionally prescribed for treating glaucoma, headaches, and vertigo, based on the potential antioxidant activity of their soluble compositions (Zhou and Wu, 2001) . Our previous studies demonstrated that the soluble matrix of abalone shell exhibited ferric reducing capacity and scavenging capacity of superoxide radicals (O 2 -·) similar to that of the pearl, while showing little or no inhibition of 1,1-diphenyl-2-picrylhydrazyl (DPPH) and hydroxyl (OH)-free radicals (Liang et al., 2010) . Based on the above findings, the present study was designed to further investigate the antioxidative components isolated from the shell of H. discus hannai Ino, as few related studies are currently available.
In this study, a water-soluble polysaccharide, abalone shell polysaccharide (ASP-1), corresponding to the first peak by size exclusion chromatography (SEC) and a non-polysaccharide compound, abalone shell compound (ASC-2), corresponding to the second peak by SEC were extracted from the shell of abalone, and their capacities to scavenge the superoxide radical were assessed. Furthermore, the physicochemical properties of ASP-1 were analyzed.
MATERIAL AND METHODS

Preparation of crude polysaccharides from abalone shell
Shells of H. discus hannai Ino were purchased from the Yilai Abalone Products Company, Fujian Province, China. The shells were washed thoroughly with tap water, dried by forced air circulation, and ground to a 100-mm particle size. A 1.2-kg shell powder sample was suspended in 7.2 L distilled water for 3 h at 80°C with continuous stirring, followed by filtration. The supernatant solution was obtained from centrifugation of the suspension at 8000 rpm for 30 min, which was then concentrated to approximately 500 mL under reduced pressure at 40°C using a rotary evaporator. The resultant solution was precipitated with ethanol up to 75% (v/v) and left at 4°C overnight. Finally, the precipitate was obtained by centrifugation and was dehydrated by air-drying to produce approximately 360 mg dried powder.
The protein in the dried powder was removed using the trichloroacetic acid (TCA) precipitation method. The dried powder was redissolved in distilled water and then mixed with 10% TCA solution at a 2:1 (v/v) ratio. The mixture was oscillated intensively for 2 h at room temperature and then centrifuged at 10,000 rpm for 15 min at 4°C. The supernatant solution was dialyzed against 1 L ultrapure water five times using a 1-kDa molecular weight cut-off membrane to remove pigments, sugar residues, and other low molecular weight matter. Finally, the retentate was lyophilized, yielding 240 mg crude polysaccharide.
Purification of polysaccharides by SEC
The crude polysaccharide was dissolved in 0.1 M NaCl solution to obtain a 10 mg/ mL final solution concentration. The resultant solution was applied to a 1.6 x 80 cm Sephadex G-75 column (General Electric Company, USA) using 100 mM NaCl buffer as the solvent. Fractions were collected and analyzed for neutral sugar content by the phenol-sulfuric acid method (Masuko et al., 2005) . Appropriate fractions (namely, ASP-1 and ASC-2, corresponding to the peaks in Figure 1 ) were pooled, dialyzed, and lyophilized.
Ultraviolet-visible (UV/Vis) spectra of the sample (ASP-1) were recorded using a Varian Cary 50 UV/Vis spectrophotometer (Tianjin, China). To determine the homogeneity of ASP-1, the sample was resolved on 1.0% agarose gel by electrophoresis and stained with 0.1% toluidine blue in acetic acid:ethanol:water (0.1:5:5, v/v/v) (Volpi and Maccari, 2006) .
Determination of total sugar and uronic acid contents in ASP-1
The total sugar content was determined by the phenol-sulfuric acid method, using glucose as the standard (Masuko et al., 2005) . The uronic acid content was measured by the carbozole reaction with glucuronic acid (GlcUA) as the standard (Chaplin and Kennedy, 1986) . The sulfate content was estimated by the turbidometric barium chloride method using potassium sulfate as the standard (Ghosh et al., 2004) .
Infrared (IR) analysis
The IR spectra were obtained according to the method described by Kumar et al. 
Monosaccharide composition analysis
Standard samples were prepared by following the method of Ling et al. (2008) , with some modifications. A set of monosaccharide standards (Sigma, USA), 2.0 mg of each mannose (Man), ribose (Rib), rhamnose (Rha), GlcUA, glucose (Glu), galactose (Gal), xylose (Xyl), and arabinose (Ara), were resolved in 1.0 mL distilled water. Twenty-five microliters resultant solution was labeled with 1-phenyl-3-methyl-5-pyrazolone (PMP) by adding 0.4 M methanolic solution of 50 mL PMP and 25 mL 0.6 M sodium hydroxide, vortexed, and incubated at 70°C for 100 min. The mixture was neutralized by adding 50 mL 0.3 M hydrochloric acid solution. Then, extraction treatment of the neutralized mixture with distilled water and chloroform was performed three or more times. The resulting aqueous phase was degassed and filtered through a 0.22-mm polytetrafluoroethylene filter for high-performance liquid chromatography (HPLC) analysis.
One hundred microliters of 25 mg/mL ASP-1 solution was mixed with 150 mL 2 M trifluoroacetic acid at 110°C for 2 h. Two hundred microliters of methanol was added into the mixture at room temperature and then dried by a stream of nitrogen. The product was treated by repeating the above process twice. The residue produced was dissolved in 50 mL distilled water. Twenty-five microliters of residue solution was labeled with PMP in the same way as applied to the labeling of standard samples.
HPLC analysis was carried out on an analytical HPLC system (EasySep 1010, Unimicro Technologies Co. Ltd., USA) with a C18 column (4.6 mm in internal diameter x 250 mm, 5 mm octadecyl silane) and a Variable Wavelength UV Detector. An optimized program of isocratic elution at 30°C with a flow rate of 1.0 mL/min was used. The mobile phase consisted of 83% 0.1 M phosphate-buffered saline (PBS), pH 6.7, and 13% acetonitrile. The isocratic elution program was run for 70 min. The wavelength for UV detection was 254 nm.
Assay of O 2 -· scavenging
The O 2 -· scavenging assay was based on the method of Moumen et al. (2001) , with some modifications. The reaction mixture included: 1.0 mL 75 mM PBS, pH 7.8, 200 mL ASP-1 solutions of different concentrations, 100 mL 0.1 M hydroxylamine hydrochloride, 100 mL 0.75 mM xanthine, and 100 mL 0.1 U/mL xanthine oxidase. The mixture solution was incubated at 37°C for 30 min. The chromogenic reaction was triggered by a color agent and processed at room temperature for 10 min. The absorbance at 530 nm was recorded. The scavenging rate of superoxide radical production was calculated as follows:
O 2 -· scavenging rate (%) = (Ao -Ai) / Ao x 100, where Ao represents the absorbance of the control and Ai represents the absorbance in the presence of the sample.
Statistical analysis
All experiments were performed in triplicate. The results are reported as means ± SD. One-way analysis of variance was applied to determine differences in means. A P value <0.05 denoted statistical significance.
RESULTS AND DISCUSSION
Isolation and purification of ASP-1
The crude polysaccharide obtained from the shells of abalone (H. discus hannai Ino) was ultimately separated into two main sub-fractions: 75.5 mg ASP-1 and 57.6 mg ASC-2 (Figure 1) . In this study, we only focused on the characteristics and composition of ASP-1.
No absorption was observed at 260 and 280 nm, indicating that the nucleic acids and proteins in ASP-1 were undetectable (Figure 2) . ASP-1 resulted in a negative test with Fehlingʾs solution. The homogeneity of the ASP-1 polysaccharide was illustrated by a single spot on the agarose gel and a highly symmetrical peak in gel-filtration chromatography ( Figure  3) , paving the way for further study of its characterization. 
Carbohydrate and uronic acid contents of ASP-1
The carbohydrate and uronic acid contents of the ASP-1 fraction are summarized in Table 1 . ASP-1 had a high total carbohydrate content (86.4 ± 0.62%), whereas the uronic acid content in ASP-1 was only 9.3 ± 0.24%. In addition, sulfate groups, which are often present in polysaccharides isolated from marine organisms (Zhu et al., 2008a; Karmakar et al., 2009) 
IR analysis of ASP-1
The FTIR spectrum of ASP-1 is shown in Figure 4 . The broad band at approximately 3401 cm -1 was assigned to O-H stretching vibration. The characteristic band for C-H appeared at 2934 cm -1 . The characteristic band of carbonyl stretching appeared at 1650 cm -1 (Zheng et al., 2005) . The absorption peaks at 1407 cm -1 and 1378 cm -1 corresponded to the stretching vibration of C-O of uronic acid (Yang et al., 2008) . The strong absorption at 1073 cm -1 was dominated by the glycosidic linkage C-O-C stretching vibration contribution (Yang et al., 2009 ). In addition, ASP-1 exhibited an absorption peak at 894 cm -1 , which is the characteristic absorption of a b-anomeric configuration (Helm et al., 2000) . The IR absorption of ASP-1 was at 809 cm -1 , which corresponds to the characteristic absorption of man (Tao and Zhang, 2008) . Polysaccharides from the shell of abalone
Carbohydrate composition of ASP-1
An equal mass mixture of eight monosaccharides was labeled with PMP and separated by reverse-phase HPLC ( Figure 5A ). All eight PMP-labeled monosaccharides were clearly separated within 60 min. The peaks for all monosaccharides were sharp and symmetrical. Excellent run-to-run reproducibility with respect to retention time was displayed. The results of the HPLC analysis of ASP-1 are shown in Figure 5B . By comparing the retention times of peaks to reference sugar standards and chromatography with added standards, six specific monosaccharides, including Man, Rib, Rha, Glu, Gal, Ara, and two unknown monosaccharides, NO1 and NO2, were identified with a mass ratio of 9.5:10.1:2.2: 18.2:21.8:5.5:16.5:16.2 (Table 2 ). This result clearly demonstrated that Gal was the dominant monosaccharide, whereas Rha was the most minor. The composition of ASP-1 differed from that of abalone polysaccharides previously reported (Zhu et al., 2008a,b 
Scavenging effects on superoxide radicals
As shown in Figure 6 , ASP-1 and ASC-2 showed a significant increase (P < 0.01) in superoxide radical scavenging activity with increasing concentrations. In the 0.01-2.0 mg/mL concentration range, the O 2 -· scavenging ability of ASP-1 increased from 1.88 to 80.4%, and that of ASC-2 increased from 0.63 to 71.5% (Figure 6 ). At 5.0 mg/mL, the superoxide radical scavenging rates of ASP-1 and ASC-2 reached 86.4 and 82.7%, respectively. However, the scavenging activity of ascorbic acid (Vc) on superoxide radicals was significantly (P < 0.05) higher than those of ASP-1 and ASC-2. The IC 50 (the antioxidant concentration value needed to scavenge half of the superoxide radicals) of Vc, ASP-1, and ASC-2 were approximately 0.045, 0.4, and 0.75 mg/mL, respectively. The relationship between the scavenging rate of superoxide radicals (y) and ASP-1 or ASP-2 concentration (x) was found to exhibit the following logarithmic functions: for ASP-1, y = 15.78ln (x) + 64.81 (R² = 0.9538), and for ASC-2, y = 14.604ln (x) + 56.435 (R² = 0.9496).
Superoxide anions play an important role in the formation of other ROS, or act as precursors to active free radicals, which results in oxidative damage to biological molecules such as lipids, proteins, and DNA (Halliwell and Gutteridge, 1984; Pietta, 2000; Wickens, 2001) . ASP-1 and ASP-2 are able to inhibit the superoxide radicals generated by the xanthine (X)/xanthine oxidase (XO) system, exhibiting a great potential for combating oxidation. One possible superoxide radical scavenging mechanism of ASP-1 and ASC-2 is that they combine with superoxide radical ions to form a stable radical to terminate the radical chain reaction (Liu et al., 2007) . It is worth noting that the characteristics of polysaccharides, i.e., sugar components, molecular weight, and the structure of the main chain and branches, strongly affect their antioxidant activities. However, the antioxidant mechanism-related characteristics of ASP-1 and ASC-2 remain unclear. 
Concentration (mg/mL)
Concluding remarks
We successfully isolated a crude polysaccharide fraction from the shells of abalone, H. discus hannai Ino, by hot water extraction. The fraction was purified using a Sephadex G-75 column, and produced two sub-fractions named ASP-1 and ASC-2. ASP-1 was shown to be a homogeneous polysaccharide by the UV/Vis spectrum, Sephadex G-75 column chromatography, and agarose gel electrophoresis. FTIR and quantitative carbohydrate composition analysis showed that the obtained ASP-1 is a b-type heteropolysaccharide, which is composed of Man, Rib, Rha, Glu, Gal, Ara, and two unknown monosaccharides, NO1 and NO2, at the mass ratio of 9.5:10.1:2.2:18.2:21.8:5.5:16.5:16.2. ASP-1 was composed of 86.4 ± 0.62% carbohydrate and 9.3 ± 0.62% uronic acid. However, quantifying the total sugar of ASP-1, which comprises several kinds of monocarbohydrates, with only D-glucuronic acid as the standard may result in some deviations from the true value. A dose-dependent relationship was found between the antioxidant capability and concentration of ASP-1. Sulfate groups of polysaccharides are known to have a significant effect on antioxidant activity (Tsiapali et al., 2001; Zhao et al., 2004 ). Yet, such sulfate groups were not detected in ASP-1 samples. To the best of our knowledge, this is a unique antioxidant polysaccharide that has never been reported.
In addition, ASC-2 might be an antioxidant compound without a saccharide, given that no spot was observed on the agarose gel, no monosaccharide was detected by the HPLC assay, and the asymmetrical broad peak corresponding to ASC-2 appeared in the size exclusion chromatographic curve.
Finally, this study clearly demonstrated that a polysaccharide was one of the main active ingredients in abalone shell, and provided basic information on purified ASP-1 polysaccharides from the shell of abalone. However, to date, it has not been possible to illustrate the antioxidant mechanism of ASP-1 in vitro. Interest in investigating other potential bioactivity and structure activity relationships of this macromolecule is expected to grow in years to come. Further study on ASP-1 may be of great help to promote the modernization of abalone shells used in traditional Chinese medicine.
